We show that the optical properties of LiCu 1+ Cu 2+ O 2 in the spectral range of 0.6-5.8 eV radically differ from those of all other known Cu 1+ , Cu 2+ , and mixed-valent oxide cuprates. An extremely strong, sharp, and highly anisotropic optical feature with 2 xx = 26 is observed at 3.27 eV which we assign to an excitonlike transition in the O 2− -Cu 1+ -O 2− dumbbells. Our findings thoroughly disagree with reported ab initio calculations and can be explained by an exciton-type model that includes strong electron-hole correlations and a crystal-field splitting of the Cu 1+ states. The excitonic effects in LiCu 2 O 2 appear strongly enhanced due to the shortening of the dumbbell lattice spacing which is the shortest one among known cuprates. Our experimental data along with the model reveal a previously unknown regularity in the electronic structure of cuprates. The discovery of high-temperature superconductivity and colossal magnetoresistance has triggered a vast amount of experimental and theoretical research of strongly correlated transition-metal oxides. Optical studies of the low-energy electron-hole excitations in the vicinity of band gaps are of primary importance for constructing appropriate Hubbard models and obtaining adequate descriptions of the electronic, magnetic, and optical properties. Despite extensive studies during the last two decades many basic problems of transition-metal oxides still remain a matter of great dispute and controversy. [1] [2] [3] [4] Among numerous transition-metal oxides copper-based compounds hold a distinguished position. They reveal the largest crystallographic and chemical diversity due to the remarkable ability of copper ions to occupy crystallographic positions with different symmetries and coordination properties, and the possible coexistence of copper ions in Cu 1+ ͑3d͒ 10 and Cu 2+ ͑3d͒ 9 oxidation states in the same compound. The Cu 1+ ions, as a rule, occupy the linear coordinated O 2− -Cu 1+ -O 2− dumbbell positions whereas the corner-or edge-sharing Cu 2+ O 4 plaquettes form the basic elements of the crystalline and electronic structure for the overwhelming majority of the Cu 2+ -based cuprates. This diversity finds vivid manifestation in the electric, magnetic, and optical properties of cuprates that strongly vary, depending on chemical composition, copper valency, and crystal structure.
In this paper we report the observation of an extremely strong, narrow, and highly anisotropic optical feature near 3.27 eV in the absorption spectra of the mixed-valent cuprate LiCu 1+ Cu 2+ O 2 . These optical properties are very different from those of all other known Cu 1+ , Cu 2+ , mixed-valent cuprates, and transition-metal oxides. We explain this anomaly on the basis of an exciton model not previously applied to such type of cuprates. Our data and conclusions seriously disagree with ab initio calculations 5 and recently reported reflectivity data and their interpretation. 6 LiCu 2 O 2 crystallizes in the orthorhombic space group Pnma. 7, 8 The edge-sharing CuO 4 squares for Cu 2+ and the O-Cu-O dumbbells for Cu 1+ form the basic elements of its crystalline structure schematically shown in Fig. 1 . Such structure makes LiCu 2 O 2 interesting as a spin-ladder system and as an ensemble of frustrated single-spin chains. Details of its magnetic structure are presently the subject of strong controversy. 9, 10 The optical complex dielectric function = 1 − i 2 of LiCu 2 O 2 was studied from 20 to 300 K using a spectroscopic ellipsometer in the range from 0.6 to 5.8 eV, as described elsewhere. 11 Polished samples were prepared from flux grown x-ray oriented single crystals. The spectra were found stable and reproducible over a six month period within a few percents. Figure 2 shows the 1 and 2 room temperature spectra of LiCu 2 O 2 for light polarizations along the x and z axes. The true crystal symmetry is orthorhombic and one might expect an optical anisotropy in the xy plane. However, only a small anisotropy of the order of several percents was observed. We attribute the cancellation of this anisotropy to the welldeveloped 90°twinning inherent in single crystals of LiCu 2 O 2 . 10 An extremely strong and narrow absorption band 
͒ at a photon energy of E = 3.27± 0.01 eV ͑␦ = 0.26 eV͒ is observed for the light polarized along the x axis. These observations are in disagreement with recent data where an almost twice as low peak value was reported at E = 3.1 eV. 6 We attribute these discrepancies to a higher accuracy and reliability of the ellipsometric data in comparison to the reflectivity data. For the z-polarized light the 3.27 eV feature vanishes completely and several overlapping broad and less intense absorption bands are observed at higher energy. The most intensive one with 2 zz = 4.58 is centered at E = 4.28 eV. The linear birefringence ⌬n xz = n x − n z and dichroism ⌬k xz = k x − k z are extremely large; see the inset to Fig. 2 . We note that no data for z-polarized light were reported in Ref. 6 . Figure 3͑a͒ shows the dielectric functions at T = 26 K for the light polarized along the x axis. The optical conductivity spectra at room and low temperatures are displayed in the inset to Fig. 3 . They show that the position of the 3.27 eV band is temperature independent. The peak intensity grows from xx = 9.2ϫ 10 3 ⍀ −1 cm −1 at T = 300 K up to xx = 11.4ϫ 10 3 ⍀ −1 cm −1 at T = 26 K, however the integrated spectral weight remains constant within experimental errors.
The optical spectra of LiCu 2 O 2 are anomalous in several aspects. First, they fully disagree with the band structure calculations that predict LiCu 2 O 2 to be a charge-transfer insulator with a band gap of 0.69 eV. 5 Second, they radically differ from spectra of other cuprates where the copper ions occupy crystallographically analogous positions, namely, Cu 1+ ions in dumbbells and Cu 2+ ions in planar-square or octahedral positions. A very strong and narrow 2 xx band at 3.27 eV with a peak value 2 xx = 22-26 is 2 to 3 times higher than in any other known cuprate or transition-metal oxide. Such a high 2 xx value even results in negative 1 xx values in this spectral region, a situation more typical to metals but not to insulators. This confirms the dominant contribution of the 3.27 eV transition to 2 xx over all other transitions. Let us now dwell on the near-band-gap electronic transitions in insulating cuprates. The optical response of even monovalent cuprates crucially depends on the crystal structure. Indeed, the charge transfer ͑CT͒ gap in insulating cuprates with the one-dimensional ͑1D͒ or 2D arrangement of the corner-sharing Cu 2+ O 4 square plaquettes is determined by the superposition of ͑i͒ a weak CT excitation from the O 2p nonbonding ͑NB͒ band to the upper Hubbard band ͑UHB͒ and ͑ii͒ a strong excitation from the lower Hubbard band ͑LHB͒ to the UHB with the energy near 2 eV.
12,13 A distinctive feature of the edge-sharing Cu 2+ O 4 square plaquettes usually forming CuO 2 chains is a strong suppression of the hole transfer from one plaquette to its nearest neighbors for the in-plane states, due to the nearly 90°C u-O-Cu bond angle along the chain. As a result, a suppression of the LHB-UHB transitions takes place. The in-plane charge excitations are localized in the plaquettes and with respect to electronic properties the CuO 4 2− centers in these compounds can be considered to be approximately isolated as in the 0D systems. sharing CuO 4 square plaquettes closely resemble those of the mixed-valent LiCu 2 O 2 . 9 The Li 2 CuO 2 reveals no significant optical absorption features in a wide spectral range up to 4-5 eV. A rather strong absorption band peaked at 4.4 eV ͑Ref. 14͒ ͓4.25 eV ͑Ref. 15͔͒ is unambiguously assigned to a strong one-center in-plane b 1g → e u ͑͒ CT hole transition in CuO 4 square plaquettes.
14 Hence the broadband in the spectral range of 4-5 eV seen in our spectra ͑Figs. 2 and 3͒, rather than the huge resonance at 3.27 eV, may be attributed to an electronic excitation from the O 2p NB band to the UHB.
Monovalent O 2− -Cu 1+ -O 2− dumbbell cuprates include the model 3D cubic semiconductor Cu 2 O with a broad intensive band at 3.5 eV, 16 and a wide class of hexagonal cuprates with the delafossite structure. 17 One example is YCuO 2 , which shows sharp features in the range of 3.6-4.2 eV with maximum values of 2 Ӎ 9 assigned to transitions within the dumbbell complexes. 16 The mixed-valent Cu 1+ 18 These fail to correctly describe strongly correlated electronic systems. In particular, from these models one cannot conclude whether the low-lying electron-hole excitations are comprised of free charge carriers or excitons. Our data point to a strong exciton effect for the 3.27 eV feature in LiCu 2 O 2 . Using a simple model, we show below that this is a direct result of the intraatomic electrostatic interaction between the Cu 4p electron and the Cu 3d hole, with an additional effect of the lowsymmetry crystal field. Figure 4 illustrates the step-by-step formation of the 4p electron-3d hole pair energy spectrum starting from the strong correlation limit. The 4p electron and the 3d hole 
where n stands for Cu 1+ or O 2− and Z n and R n indicate the projection on the z axis and the corresponding bond length, respectively. Given q O 2− = −2, q Cu 1+ = +1, ͗r 2 ͘ 4p Ͼ 5͗r 2 ͘ 3d , we obtain ⌬Ͼ0 and a stabilization of the 1 P u͑x,y͒ doublet. It is important to emphasize that the contribution of the surrounding Cu 1+ ions into ⌬ steeply ͑ϰR CuCu −3 ͒ rises with the shortening of the dumbbell-lattice spacing, whereas the oxygen contribution reveals a minimum near k = R CuO / R CuCu Ϸ 1/ ͱ 2, pointing to an effect of the symmetry increase related with cubic contributions of the oxygen ions. We see that the anomalous excitonic effect in LiCu 2 O 2 reflects a strong Cu 4p-3d electron-hole coupling along with a strong splitting-off of the 1 P u͑x,y͒ ͑3d 9 4p 1 ͒ doublet due to an enhanced tetragonal crystal field produced by the anomalous shortening of the dumbbell-lattice spacing R CuCu in the xy plane.
In conclusion, we observed in LiCu 2 O 2 an anomalous spectral feature at 3.27 eV with a very high peak intensity 2 xx Ӎ 26 ͑T=26 K͒ which we assign to coupled O 2− -Cu 1+ -O 2− dumbbell complexes. This feature exceeds the analogous values in other copper oxides or transition-metal compounds by a huge factor of 2 to 3. We propose an exciton-type model, in which this feature originates from an interplay between strongly correlated copper 4p electrons 3d holes, and the crystal field splitting of the excited states. The model predicts a splitting-off of the 1 , respectively. It should be noted that this order of terms is inverted as compared to that for a two-electron or a two-hole 3d4p configuration.
